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We determine the coupling constants of Σ hyperon with mesons in relativistic mean field (RMF)
models using Σ− atomic shift data and examine the effects of Σ on the neutron star maximum mass.
We find that we need to reduce the vector-isovector meson coupling with Σ (gρΣ) from the value
constrained by the SU(3)v symmetry in order to explain the Σ
− atomic shifts for light symmetric
and heavy asymmetric nuclei simultaneously. With the atomic shift fit value of gρΣ, Σ
− can emerge
in neutron star matter overcoming the repulsive isoscalar potential for Σ hyperons. Admixture of
Σ− in neutron stars is found to reduce the neutron star maximum mass slightly.
I. INTRODUCTION
Neutron star matter equation of state (NS-EOS) in-
cluding hyperons is one of the most interesting cur-
rent subjects in nuclear physics as well as in astro-
physics. Hyperons are expected to emerge as the sub-
stitutes of nucleons to reduce the Fermi energy in β-
equilibrium dense matter, and NS-EOS is strongly af-
fected by the properties of baryon-baryon interactions [1–
5]: hyperon-nucleon (Y N), hyperon-hyperon (Y Y ) and
nucleon-nucleon (NN) interactions. Since hyperon life-
times are too short to determine Y N and Y Y interactions
precisely via scattering experiments, we have to deduce
information on these interactions through experimental
[6–10] and theoretical [11–14] investigations of hypernu-
clei which include one or more Λ, Σ and Ξ hyperons.
NS-EOSs including hyperons have been proposed so far
by taking experimental hypernuclear data into account;
they generally predict maximum masses of neutron stars
in the range (1.3 − 1.7) M⊙. Recent discoveries of the
two-solar-mass neutron stars [15, 16] have cast doubt on
these EOSs. The observation is based on the Shapiro-
delay, a consequence of the general relativity, and the
signal is clearly seen owing to the fortunate inclination
angle (sin i ∼ 1). From this observation, it is concluded
that typical NS-EOSs with hyperons or boson conden-
sates are ruled out. It is a big challenge to construct
NS-EOS which is consistent with hypernuclear physics
results and supports the two-solar-mass neutron star.
In solving the two-solar-mass NS puzzle mentioned
above, there are two key ingredients: constraining Y N
and Y Y interactions and understanding the origin of
repulsive interactions at high density. Among Y N in-
teractions, ΛN interaction is relatively well-known in-
cluding its spin dependence, and we here concentrate
on the ΣN interaction. Since Σ− is the lightest among
the negatively-charged baryons, its appearance is fa-
vored in neutron stars because of the charge chemical
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potential and the nuclear symmetry energy. For exam-
ple, Glendenning suggested that Σ− would appear at
(2 − 3)ρ0 in neutron star matter in a relativistic mean
field (RMF) framework [17, 18], where Σ potential in nu-
clear matter was considered to be similar to that of Λ,
UΣ(ρ0) ∼ UΛ(ρ0) ≃ −30 MeV. Later on, Σ potential
in symmetric nuclear matter is suggested to be repulsive
from Σ− atomic shift data [19], and is confirmed to be re-
pulsive in the quasi-free Σ− production data [8, 14]. The
ΣN repulsion is explained naturally as a consequence of
the quark Pauli blocking in quark models [20, 21]. In
neutron star matter, Balberg and Gal pointed out that
baryon composition is sensitive to the choice of the ΣN
interaction [22], and similar conclusions are obtained in
RMF approaches [2, 3, 23].
Now it is commonly understood that the isoscalar part
of the Σ potential is so repulsive that Σ hyperons tend
to be suppressed in NS matter, while we still have ambi-
guities in the isovector part of the Σ potential. Typ-
ical isovector coupling of Σ in RMF is twice that of
the nucleons, gρΣ ≃ 2gρN , owing to the isospin of Σ,
IΣ = 2IN = 1. Atomic shift data of Σ
− atoms, how-
ever, suggest much smaller isovector coupling. From the
Si and Pb Σ− atomic shifts, Mares, Friedman, Gal and
Jennings obtained the coupling ratio gρΣ/gρN ≃ 2/3 [19].
In our previous work, we obtained a further smaller
ratio, gρΣ/gρN = 0.434, in an RMF model with a log-
arithmic chiral potential motivated by the strong cou-
pling limit of lattice QCD [24] and σζ mixing effects from
U(1)A anomaly [25]. In this RMF model, abbreviated as
SCL3, most of the coupling constants have been con-
strained by the flavor SU(3) (SU(3)v) symmetry for the
vector couplings and experimental data of nuclear mat-
ter, normal and Λ hypernuclei and Σ atom data. One ex-
ception is the ρ-Σ coupling; in order to reproduce atomic
shift data of Σ− atoms, we need to modify gρΣ from the
SU(3)v-constrained value. Smaller gρΣ/gρN ratio leads
to a less repulsive potential of Σ− in neutron star mat-
ter, and Σ− is found to appear in neutron stars even
though the isoscalar part of the Σ potential is repulsive.
The above conclusion, Σ− would appear in neutron stars
with smaller isovector coupling fitting the atomic shifts,
2may be model dependent, and should be confirmed with
other RMF model parameters.
Another important aspect for the two-solar-mass NS
puzzle is the origin of the repulsion at high density. It is
well-known that with the non-relativistic effective inter-
action derived from the bare two-body NN interaction
(g-matrix), the saturation point depends on the strength
of the tensor interaction and forms a so-called ”Coester
line”, which is off the empirical saturation point. When
we include phenomenological three-nucleon repulsion to-
gether with the three-body attraction with ∆ in the inter-
mediate state, it becomes possible to explain the satura-
tion point and to support two-solar-mass NSs. The above
three-nucleon interactions are, however, not enough to
support heavy neutron stars, when hyperons are in-
cluded [26]; the calculated maximum mass of neutron
stars with hyperons [26] is less than the precisely mea-
sured mass of the Hulse-Taylor pulsar, 1.44M⊙ [27]. We
need to introduce three-baryon repulsion, which also acts
in Y NN , Y Y N and Y Y Y channels [28]. In a relativistic
framework, three-body repulsion appears naturally from
relativistic kinematics. The attraction from the scalar
field appears as the mass reduction, and its effects are
relatively smaller at high densities compared with the
repulsion from the vector field. As a result, the relativis-
tic Bru¨ckner-Hartree-Fock (RBHF) theory can reproduce
the saturation point [29], and RMF models generally pre-
dict large maximum masses of NSs. This relativistic re-
pulsion could be enough to explain 1.44M⊙, but it is
not sufficient to describe the newly discovered two-solar-
mass NSs when hyperons are taken into account. We
need to introduce extra repulsion at high densities also
in relativistic frameworks. One of the mechanisms to
get extra repulsion in hyperonic matter is to introduce
three-baryon interaction [28]. Another way may be to
introduce repulsive interaction having different flavor de-
pendence from that adopted in current treatments. The
atomic shift fit of Σ− atoms leads to the modification
of hyperon-meson couplings and is related to the second
way.
In this article, we revisit Σ hyperons in RMF mod-
els and discuss the possibility of Σ− admixture in neu-
tron star matter. We compare the results of several
RMF models with non-linear meson self-energies, where
hyperon-meson couplings are determined by reproduc-
ing known hypernuclear data. Especially, we examine
whether Σ− should emerge in NS medium when we adopt
the parameter sets which can explain the observed Σ−
atomic shifts. Finally, we investigate the maximum mass
of NS with NS-EOS constrained by the hypernuclear and
exotic atom physics requirements.
II. RELATIVISTIC MEAN FIELD INCLUDING
HYPERONS
A. RMF Lagrangian
RMF models are successful in describing various prop-
erties of normal nuclei with σ, ω and ρ mesons which
couple with nucleons. An RMF Lagrangian for normal
nuclei and nuclear matter is given as
LN =
∑
i∈N
ψ¯i (i/∂ −Mi)ψi + Lσωρ
+
∑
i∈N
ψ¯i [gσiσ − γµ(gωiωµ + gρiτ ·Rµ)]ψi , (1)
Lσωρ =1
2
∂µσ∂
µσ − 1
2
m2σσ
2 − Vσ (σ)
−1
4
ωµνω
µν +
m2ω
2
ωµω
µ + Vω (ω)
−1
4
Rµν ·Rµν +
m2ρ
2
Rµ ·Rµ , (2)
where V µ(V = ω,R) shows the field tensor of the ω or ρ
vector mesons, and τ represents the isospin Pauli matrix.
Vσ and Vω represent σ and ω self-energies,
Vσ(σ) =
1
3
cσ3σ
3 +
1
4
cσ4σ
4 , (3)
Vω(ω) =
1
4
cω4 (ωνω
ν)
2
. (4)
We adopt here NL1 [30], NL-SH [31] and TM1 [32] as typ-
ical RMF models for normal nuclei. We also examine the
former SCL model (SCL2) [33], where the σ self-energy
was derived from analytical calculation in the strong cou-
pling limit of lattice QCD and reads
Vσ(σ) = −
f2pi
(
m2σ −m2pi
)
2
[
log
(
1− σ
fpi
)
+
σ
fpi
+
σ2
2f2pi
]
.
(5)
Their parameter sets are summarized in Table I. We note
that coupling constants of these mesons and nucleons are
well constrained by fitting binding energies of normal nu-
clei, while non-linear meson self-energy terms are not de-
termined precisely. While these sophisticated RMF mod-
els describe normal nuclear properties well, differences in
non-linear terms give rise to large ambiguities in dense
matter EOS. Thus it would be possible to discriminate
these RMF models for normal nuclei by including hyper-
ons and applying them to NS-EOS.
RMF has been extended to describe also hypernuclei
and hyperonic matter [1–5, 25]. A simple extension is to
include hyperons in the baryon sum in Eq. (1), i ∈ B,
where B represents nucleons (N) and hyperons (Y ). It is
more natural to include ζ and φ, scalar and vector mesons
consisting of s¯s, respectively, which generate additional
attractive and repulsive interactions among hyperons. A
3typical RMF Lagrangian including hyperons, ζ and φ
mesons is given as,
LB =
∑
i∈B
ψ¯i (i/∂ −M∗i + γµV µi )ψi + Lσωρ + Lζφ , (6)
Lζφ =1
2
∂µζ∂
µζ − 1
2
m2ζζ
2 − 1
4
φµνφ
µν +
m2φ
2
φµφ
µ , (7)
where φµν is the field field tensor for φ. The baryon
effective masses M∗i and the vector potentials V
µ
i are
given as,
M∗i =Mi + Si , (8)
Si =− (gσiσ + gζiζ) , (9)
V µi =gωiω
µ + gρiτ ·Rµ + gφiφµ . (10)
Here τ represents the isospin Pauli matrices for I = 1/2
baryons (N and Ξ), and the isospin matrices for I = 1 (Σ)
baryon. In order to keep the normal nuclear properties
in the original RMF models, we assume that nucleons
do not couple with s¯s mesons and we set gζN = gφN =
0. This treatment also means that we respect the OZI
rule [34], where s¯s does not couple with nucleons, i.e.,
hair-pin diagrams are suppressed.
TABLE I. The parameters in RMF models, NL1 [30], NL-
SH [31], TM1 [32], and SCL2 [33]. The parameters for nor-
mal nuclear systems (upper part) are determined in original
references. The coupling constants between mesons and hy-
perons (lower part) are determined in this article based on
hypernuclear data. For comparison, we also show parame-
ters in SCL3 RMF model [25] whose meson-hyperon coupling
constants have been fixed in the same procedure as this work.
NL1 NL-SH TM1 SCL2 SCL3
MN (MeV) 938 939 938 938 938
mσ (MeV) 492.250 526.059 511.198 502.63 690
mω (MeV) 795.359 783 783 783 783
mρ (MeV) 763 763 770 770 770
gσN 10.1377 10.444 10.0289 10.08 10.15
gωN 13.2846 12.945 12.6139 13.02 11.95
gρN 4.9757 4.383 4.6322 4.40 4.54
cσ3 (fm
−1) −12.1734 −6.9099 −7.2325 - -
cσ4 −36.2646 −15.8337 0.6183 - -
cω4 0 0 71.3075 200 294.9
mζ (MeV) 980 980 980 980 826.3
gσΛ 6.10 6.405 6.04 6.215 3.40
gζΛ 6.31 5.85 5.93 5.80 5.17
gσΣ 4.83 5.13 4.86 4.72 3.16
gρΣ 2.48 1.85 1.87 1.67 1.97
B. Hyperon-Meson Coupling Constants
To examine the neutron star matter properties based
on the RMF Lagrangian, Eq. (6), we start from fixing
the coupling constants of mesons and hyperons: gσY ,
gζY , gωY , gρY , and gφY . Unfortunately, it is so time-
consuming and sometimes meaningless to vary each cou-
pling constant independently since only their balance can
affect the calculated numerical properties. Thus, there
are mainly two types of prescriptions to constrain meson-
hyperon coupling sets. One of them is based on the pic-
ture where we regard the mesons in RMF models are
made of q¯q. Then the hyperon-meson couplings are con-
strained by symmetries of quarks. The other is based on
the chiral perturbation theory. Scalar and vector fields
are generated by the Nambu-Goldstone bosons (pions,
kaons, and eta) and low energy coefficients, and σ and
ω mesons in RMF are considered to be effective mesons,
which represent the scalar and vector fields but are not
actual mesons. This picture generally gives smaller σ-
hyperon and ω-hyperon couplings compared with the for-
mer picture.
Many of RMF models adopt the former picture and
assume some symmetry relations in vector meson-baryon
coupling constants. For example, some of RMF models
employ SU(6) symmetric coupling constants, which cor-
responds to the naive quark counting. The flavor SU(3)
symmetry (SU(3)v symmetry) is known to be a better
symmetry in hadrons, and constrains the vector meson-
baryon interaction Lagrangian as,
LSU(3)BV =
√
2{gs tr (Mv) tr
(
B¯B
)
+ gD tr
(
B¯ {Mv, B}
)
+ gF tr
(
B¯ [Mv, B]
)}
=
√
2{gs tr (Mv) tr
(
B¯B
)
+ g1 tr
(
B¯MvB
)
+ g2 tr
(
B¯BMv
)} . (11)
Here, B and Mv are flavor SU(3) baryon and vector me-
son matrices. Under the SU(3)v symmetry with the as-
sumption gφN = 0, all vector meson-hyperon coupling
constants are constrained once gρN and gωN are fixed.
From Eq. (11), SU(3)v vector coupling constants for Λ
and Σ hyperons are given as
g
SU(3)
ωΛ =
5
6
gωN − 1
2
gρN , g
SU(3)
φΛ =
√
2
6
(gωN + 3gρN ) ,
(12)
g
SU(3)
ωΣ =
1
2
(gωN + gρN ) , g
SU(3)
φΣ =
√
2
2
(gωN − gρN ) ,
g
SU(3)
ρΣ = 2gρN . (13)
Naive quark counting also follows the above coupling con-
stant relations. For example, when we set gρN = gωN/3,
the above relations lead to the quark counting relation,
gωΛ = gωΣ = 2gωN/3. The remaining scalar coupling
constants, gσY and gζY , may be fixed by explaining ex-
perimental data of hypernuclear systems.
It should be noted that the above relations are based
on the q¯q picture for RMF mesons in the flavor SU(3)
limit. If the mesons in RMF contain significant compo-
nents generated by pions or if the SU(3) breaking effects
are strong, hyperon-meson couplings can deviate from
4the relation in Eqs. (12) and (13). While it is generally
believed that hyperonic EOSs are ruled out by the two
solar mass neutron stars [15, 16], the naive quark count-
ing relation mentioned above is respected for ω-hyperon
(Λ and Σ) couplings, gωY ≃ 2gσN/3, in the ruled-out
hyperonic EOS [35]. In the original paper by Glenden-
ning and Moszkowski [35], however, the authors consid-
ered other possibilities where heavier neutron star can
be supported by hyperonic EOS. Furthermore, additional
hyperon-hyperon repulsion coming from the φ meson ex-
change was not considered. Thus we need more care to
set the hyperon-meson couplings.
In this work, we adopt flavor SU(3)v symmetric cou-
plings shown in Eq. (11) as a starting point, and modify
some of the coupling constants which have large effects
in explaining the hypernuclear data. This procedure en-
ables us to construct NS-EOS which includes hypernu-
clear information effectively. In the next section, we try
to determine the hyperon-meson couplings based on the
experimental data.
III. HYPERNUCLEI, EXOTIC ATOMS,
AND NEUTRON STARS
In this section, following the procedure adopted in our
previous work [25], we introduce Λ and Σ hyperons in the
NL1, NL-SH, TM1, and SCL2 RMF models, and fit the Λ
separation energies data in single Λ hypernuclei, the ΛΛ
bond energy data in the double Λ hypernucleus, and the
Σ− atomic shifts data. Next we apply the obtained RMF
model parameters to calculate the neutron star matter
EOS. We can find similar works in the literature, but
information of Σ− atoms were not taken into account
and stronger ΛΛ attraction was assumed in [2], and only
one set of the normal nuclear RMF models was used in
[19].
A. Lambda Hypernuclei
For Λ hyperon, we have four RMF parameters to be
determined: gσΛ, gζΛ, gωΛ, and gφΛ. Experimental data
of Λ separation energies (SΛ) in single Λ hypernuclei and
the ΛΛ bond energy (∆BΛΛ) in the double Λ hypernu-
cleus 6ΛΛHe [7] are available as the constraints of these
coupling constants. Unfortunately, the Λ potential at
high density is not very sensitive to all of these available
data. The baryon potential at low momentum is given as
the sum of scalar and vector potentials, UB = SB + V
0
B,
and this potential mainly determines the hypernuclear
properties at around normal nuclear density. Both the
scalar and vector potentials are approximately propor-
tional to ρB at low density, thus we cannot determine
the scalar and vector potentials for Λ separately. One
may think that additional information on the difference
(SB−VB) is available from the spin-orbit splitting. How-
ever, it is possible to explain the spin-orbit splittings by
-5
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FIG. 1. Experimental and calculated separation energies of
Λ from single Λ hypernuclei, SΛ. Magenta point presents the
fitting results based on NL1 RMF model. Broken blue lines
presents the fitting results based on NL-SH RMFmodel. Solid
red lines show the fitting results based on TM1 RMF model.
Open triangle symbols are experimental SΛ.
tuning the tensor coupling of the vector meson, which
is not incorporated in the RMF Lagrangian considered
in this work. Since the tensor coupling does not affect
the EOS of uniform matter in the mean field approxima-
tion, the spin-orbit splitting is not helpful to constrain
the EOS at high density.
We adopt here the SU(3)v relations for the vector cou-
plings in Eq. (12), gωΛ = g
SU(3)
ωΛ and gφΛ = g
SU(3)
φΛ to
fix the vector potentials. The remaining scalar-isoscalar
coupling constants, gσΛ and gζΛ, are determined by fit-
ting experimental hypernuclear data: Λ separation ener-
gies SΛ in single Λ hypernuclei and the ΛΛ bond energy
∆BΛΛ = 0.67 ± 0.17 MeV of the double Λ hypernuclei
6
ΛΛHe observed in the NAGARA event [7, 36].
The obtained coupling constant sets (gσΛ and gζΛ) are
summarized in TABLE I. In Fig. 1, we show the calcu-
lated results of SΛ in NL1, NL-SH, TM1 and SCL2 by
using the obtained parameter sets as a function of A
−2/3
core ,
where Acore is the mass number of the core nucleus. Since
the kinetic energy of Λ is approximately proportional to
1/R2 ∝ A−2/3core , we can guess the potential depth in nu-
clear matter as UΛ ≃ −28 MeV from the extrapolation
to A → ∞ (A−2/3core → 0). We find that experimental
SΛ values are well explained in these RMF models. In
addition to the ground state separation energies, excited
single particle energies of p, d and f waves are also well
described. The Λ shell gaps reflect the strength of the
scalar potential via the effective massM∗i in Eq. (8), then
the scalar potential for Λ seems to have an appropriate
strength.
5B. Sigma-Nuclear Potential and Σ− Atoms
For Σ hyperon, we have five RMF parameters, gσΣ,
gζΣ, gωΣ, gφΣ and gρΣ. Because of isospin of Σ hyperon,
we have one more parameter for the isovector-vector cou-
pling (gρΣ) compared with Λ. Since we have no other
knowledge of bound Σ hypernuclei other than 4ΣHe [37],
we have to rely on quasi Σ production reactions [8] and
Σ− atomic shifts data [9].
In Σ− atoms, a Σ− moves around a nucleus in the
Coulomb orbit. When the Σ− goes down to small n or-
bit through subsequent atomic cascade processes (X-ray
emission or Auger process), the Σ− is absorbed in the
nucleus via the conversion Σ−p → Λn inside the nuclei.
The X-ray just before the absorption thus contains infor-
mation of Σ−-nucleus potential. Σ− atomic shifts have
been measured for isospin-symmetric (O, Mg, Al, Si and
S) and heavier isospin-asymmetric (W and Pb) nuclei[9].
Once we fix the coupling constants of Σ with isosinglet
mesons, Σ− atomic shift data in heavy nuclei are useful
to determine isovector coupling, gρΣ.
We fix the Σ-meson coupling constants in the follow-
ing way. First, we obtain core nuclear wave functions in
RMF. Second, Σ−-nucleus optical potential is given as
the Schro¨dinger-equivalent potential,
ReV Σ
−
opt = SΣ−(r) +
EV 0(r)
MΣ−
+
S2Σ−(r) − (V 0Σ− )2(r)
2MΣ−
,
(14)
where SΣ− and V
0
Σ− are the scalar and vector potentials
of Σ− hyperon shown in Eqs. (9) and (10), respectively.
Here, the meson fields (σ, ω, ρ) used in SΣ− and V
0
Σ− are
those of the core nuclei. Next, we fit the Σ− atomic shifts
for light symmetric nuclei by choosing the isoscalar part
of coupling constants properly. Since we do not have
ζ and φ fields in normal nuclei, atomic shifts have no
dependence on gζΣ and gφΣ. We adopt SU(3)v value for
gωΣ and gφΣ, and we invoke naive quark counting for gζΣ
and assume gζΣ = gσΣ/
√
2. By tuning gσΣ, we can well
describe Σ− atomic shifts for light symmetric nuclei.
Finally, we determine gρΣ by fitting the atomic shifts
of heavier Σ− atoms. In Ref. [25], we found that it is
difficult to explain the Σ− atomic shifts with heavier core-
nuclei which is isospin-asymmetric, if we keep SU(3)v
symmetry relation shown in Eq. (11). Thus, we need
to modify gρΣ to reproduce Σ
− atomic shift data in the
same way as Ref. [25]. One of the reasons to modify
gρΣ from the SU(3)v value may be that the isovector
part of Σ interaction should be affected by the quark
Pauli principle, which cannot be expressed in the meson
exchange potential with SU(3)v relation.
In Fig. 2, experimental and calculated atomic shifts on
several core nuclei are shown as a function of the atomic
number of core nuclei. Basic trend of Σ− atomic shift is
reproduced sufficiently well. Determined Σ−-core nuclei
optical potentials are shown in Fig. 3 for NL1, NL-SH,
and TM1 models. Fixed parameters are summarized in
Table I. We refer to these fitted gρΣs as atomic shift (AS)
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FIG. 3. Schro¨dinger-equivalent potentials of Σ− and Σ+
calculated with (a) NL1, (b)NL-SH, and (c) TM1 RMF mod-
els, respectively. The results of parameter sets determined by
reproducing Σ− atomic shift are shown with red lines. The
results of parameter sets suggested from SU(3)v symmetry
are presented by blue lines. The real parts of the optical po-
tentials of Σ−(Σ+) are shown by solid(dashed) lines.
fit values. Compared to SU(3)v values, gρΣ = gωΣ, AS
fit values of gρΣ are strongly reduced. From these results,
it seems common to all employed RMF models that Σ−
feels repulsive potential in nuclear medium and its height
is in the range of 20 ∼ 30MeV, and that a few MeV
attractive pockets around nuclear surface are essential to
explain experimental Σ− AS especially on 208Pb.
6In addition to Σ− optical potentials, we also present
Σ+ potentials in both Σ− AS fit and SU(3)v cases. By
comparing Σ− and Σ+ potentials, we can roughly esti-
mate the symmetry energies of Σ and their difference
between Σ− AS fit and SU(3)v cases. The symmetry en-
ergies of Σ are reduced from around 15 MeV with SU(3)v
values to around 3 MeV with SU(3)v values in all em-
ployed RMF models.
C. Neutron Star Matter EOS
Based on the meson-hyperon coupling constants deter-
mined in the previous subsection, NS-EOS, for example
energy density (ǫ = E/V ) and pressure (P ) as functions
of density, are obtained from the energy–momentum ten-
sor calculated by using RMF Lagrangian, Eq. (6). This
procedure enables us to deduce reliable NS-EOS which
explains known bulk properties of nuclear and hypernu-
clear systems. Here, ǫ and P are written as
ǫ = T 00 =
1
2
m2σσ
2 + Vσ(σ) +
1
2
m2ζζ
2
+
1
2
m2ωω
2 +
3cω4
4
ω4 +
1
2
m2ρρ
2 +
1
2
m2φφ
2
+
∑
i=B,l
νi
(2π)3
∫ ki
F
0
d3k
√
k2 + (M∗i )
2
(15)
P =
1
3
∑
i
T ii = −1
2
m2σσ
2 − Vσ(σ) − 1
2
m2ζζ
2
+
1
2
m2ωω
2 +
cω4
4
ω4 +
1
2
m2ρρ
2 +
1
2
m2φφ
2
+
∑
i=B,l
νi
(2π)3
∫ ki
F
0
d3k
k2
3
√
k2 + (M∗i )
2
(16)
In NS matter, the density of each baryons ρBi should
be determined under the charge neutrality and the β–
equilibrium conditions. Thus, the total baryon densities
ρB, the lepton densities ρl, the charge density ρc, and
the chemical potential µBi obey the following equations,
ρB =
∑
i=B
ρBi (17)
ρBi =
1
3π2
{
(µBi − Vi)2 − (M∗i )2
}3/2
(18)
µBi = µB + qiµc (19)
ρc =
∑
i=B
qiρBi +
∑
j=l
ρlj = 0 (20)
This condition means that all reactions are allowed as
long as charge and baryon numbers are conserved. For
example, Λ hyperon can emerge as a substitute of n in the
high ρB region. In this subsection, we examine NS-EOS
derived from the RMF models whose coupling constants
between mesons and hyperons have been determined in
the previous subsection.
In Fig. 4, we compare energy per baryon, E/A −mn,
in NS matter in NL1, NL-SH, TM1 and SCL2 parame-
ter sets as a function of baryon density, ρB. Compared to
TM1 and SCL2, NL1 and NL-SH give us stiffer NS-EOSs.
By including the hyperon effects, all of NS-EOSs are sig-
nificantly softened. In the bottom panel of Fig. 4, we
compare the NS-EOSs in several cases in TM1, nucleon
(np) matter, npΛ matter, and npΛΣ matter with SU(3)v
and AS fit values of gρΣ. We find that the emergence
of Σ− hyperon softens NS-EOSs further but slightly if
we adopt AS fit values of gρΣ. By comparison, the NS-
EOSs with SU(3)v values are almost the same as NS-
EOSs composed of npΛ. It is a general trend that NS-
EOS suggested by fitting the Σ− atomic shifts becomes
slightly softer than the SU(3)v-constrained EOS.
To confirm these results, we examine baryon potentials
in NS matter, which are shown in Fig. 5. Compared to
SU(3)v cases, it is clear that the Σ
− potentials with AS
fit values become less repulsive. This less repulsive Σ−
potential may allow Σ− hyperon to appear in NS matter
with AS fit values and soften NS-EOS.
We show baryon and lepton fractions, YB,L, in NS mat-
ter with TM1 for several choices of hyperon effects in
Fig. 6. In Figs. 6 (b) and 6 (c), we show calculated
baryon and lepton fractions with AS fit and SU(3)v val-
ues of gρΣ, respectively. From these results, if we apply
AS fit gρΣ, Σ
− tend to appear in NS matter from lower
ρB compared to that with SU(3)v value. This trend is al-
ready suggested in our previous work using SCL3 RMF.
Thus, we confirm that it is common to all employed RMF
models here and SCL3 RMF model that Λ and Σ− appear
almost simultaneously at around 2-3 ρ0 if we apply the
parameter sets reproducing Σ− atomic shifts, as shown
in Fig. 6 (d).
In Fig. 7(a)-(c), we show calculated NS mass in NL1,
NL-SH and TM1 as a function of central baryon density
ρc, respectively. Maximum masses of hyperonic stars are
reduced by including Σ− in all models. At the same
time, NS-EOSs have already been softened strongly by
the emergence of Λ hyperon, and the softening effect of
Σ− on NS maximum mass is not very strong. In NL1
and NL-SH, calculated maximum masses of NS exceed
2M⊙ even if Λ and Σ hyperons are included, and the
recently observed heavy NS [15] can be supported. By
comparison, the calculated NS maximum mass in TM1
with hyperons does not reach 2M⊙, and the two-solar-
mass NS puzzle remains.
It would be premature to conclude that the two-solar-
mass NS puzzle can be solved in NL1 and NL-SH RMF
models with AS fit values of gρΣ. It seems that the high
density region in NS core may be out of the range of ap-
plicability in the present treatment of NL1 and NL-SH
parameter sets with hyperons; the effective mass of nu-
cleon is reduced too much and it becomes negative at
around 4ρB and 6.5ρ0, respectively. The mechanism of
the negative nucleon effective mass can be understood as
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FIG. 4. Calculated NS-EOS based on the RMF models
with Λ and Σ hyperons. Upper panel shows NS-EOS in the
NL1, NL-SH, TM1 and SCL2 RMF models those coupling
constants to hyperons have been determined so as to repro-
duce Λ and Σ hypernuclear data in this article (AS fit values).
Broken lines correspond to NS-EOS with n and p and solid
lines represent NS-EOS including Λ and Σ hyperon addition-
ally. Leptons (e and µ) are also considered. In lower panel,
we compare NS-EOSs with SU(3)v and AS fit values in the
TM1 RMF model.
follows. Both nucleons and hyperons act to increase σ
as long as their effective mass is positive. At the density
where nucleon effective mass vanishes, hyperons are still
massive due to the smaller couplings with σ and larger
masses in vacuum. These huge mass reductions may cor-
respond to the phase transition from a baryonic matter to
a quark matter since they indicate the complete restora-
tion of chiral symmetry.
By comparison, TM1 parameter set is free from the
negative nucleon mass problem in the density region
considered here, but its maximum mass lies below the
observed 1.97M⊙; maximum mass of NS in TM1 with
hyperons is calculated to be 1.75M⊙. In TM1, the
ω4 self-interaction is introduced so as to simulate the
scalar and vector potentials in Dirac-Bru¨ckner-Hartree-
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FIG. 5. Calculated potentials of baryons in NS matter on
TM1 RMFmodel. Upper panel shows the results with SU(3)v
gρΣ values, Eq. (11). Lower panel displays the ones with gρΣ
determined by reproducing Σ− atomic shifts (AS fit values).
Fock (DBHF) calculation [29]. We have also adopted this
ω4 self-interaction in SCL2 and SCL3 models. The ω4
term suppresses ω field at high density, and softens the
EOS. Then a model with a larger coefficient cω4 predict
a smaller NS maximum mass. Since NL RMF models
do not include ω4 terms, vector repulsive potentials lin-
early increase at higher ρB as we presented in Fig. 5 of
Ref. [25].
Different predictions in the RMFmodels discussed here
implies the importance of three-body interactions [28].
Higher order meson interaction terms such as σ3,4 and
ω4 may be related to the three-body interactions. These
interactions are expected to lead not only re-stiffening ef-
fect in EOS but also the suppression to the appearance of
hyperons. We introduced explicit three-body couplings
to RMF model and examined their effects to high den-
sity NS-EOS with preliminary parameter sets which are
determined in the same way as we have reported in this
work [38]. More detail analysis is strongly needed to give
a conclusion of the validity of three-body couplings.
810-3
10-2
10-1
1
Pa
rt
ic
le
 fr
ac
tio
n(
Y i
 
=
 ρ
i /
 ρ
B)
Baryon and lepton fractions in NS matter
(a) TM1(npΛ)
n
p
Λ
Pa
rt
ic
le
 fr
ac
tio
n(
Y i
 
=
 ρ
i /
 ρ
B)
e
µ-
(b) TM1(npΛΣ)
AS fit
10-3
10-2
10-1
 0  0.3  0.6  0.9
(c) TM1(npΛΣ)
SU(3)v
 0  0.3  0.6  0.9  1.2
ρB
(d) Comparison Solid: AS fitBroken: SU(3)v
NL1
NL-SH
TM1
FIG. 6. Baryon and lepton fractions, YB and YL calculated
based on applied RMF model in which hyperon degrees of
freedom are introduced. (a) npΛ NS matter, (b) npΛΣ NS
matter (gρΣ: fixed by reproducing the atomic shifts of Σ
−),
and (c) npΛΣ NS matter (gρΣ: constrained by SU(3)v sym-
metric relation) based on TM1 RMF model, respectively; (d)
comparison among the results of NL1, NL-SH, and TM1 RMF
models.
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comparison among the results of NL1, NL-SH, and TM1 RMF
models is presented with green dash line, blue dotted line, and
red solid line, respectively.
IV. SUMMARY AND DISCUSSION
In this article, we have investigated neutron star mat-
ter equation of state (NS-EOS) based on the RMF mod-
els which can reproduce the bulk properties of nuclear
systems consisting of nucleons and hypernulcear systems
consisting of Λ and Σ hyperons in addition to nucleons.
We have emphasized the importance of Σ coupling with
isovector-vector (ρ) meson, gρΣ.
The coupling constants of Λ and Σ hyperons in RMF
models have been well-constrained by explaining sepa-
ration energies of Λ (SΛ) in single Λ hypernuclei, ΛΛ
bond energy (∆BΛΛ) in the double Λ hypernucleus
6
ΛΛHe,
and the Σ− atomic shifts, under the assumption that the
isoscalar vector couplings are fixed by the SU(3)v sym-
metric coupling constant relations. We have found that
we need to reduce gρΣ from the SU(3)v value to explain
the experimental Σ− atomic shifts. Then the symmetry
energy of Σ in the atomic shift fit case is smaller than
that in the SU(3)v case.
We have examined the hyperon effects on the NS-EOS
by using the RMF including hyperons with AS fit and
SU(3)v values of gρΣ. We have confirmed that Σ
− would
appear in NS matter with the AS fit gρΣ value, since the
isovector part of Σ− potential in NS matter is smaller in
the AS fit case than in the SU(3)v case. This trend is
common to all of employed RMF parameter sets, NL1,
NL-SH, TM1 and SCL2 with AS fit values. Σ− hyperons
can appear in NS matter at ρB ∼ 2ρ0, which is close
to the density where Λ hyperons appear. Thus, it is
valuable to revisit the appearance of Σ− in NS matter,
when we want to understand NS based on experimental
hypernuclear data including Σ− atomic shifts.
NS-EOS is softened by Λ and Σ hyperons. The NS
maximum mass is reduced by (0.5− 0.6)M⊙ when we in-
clude Λ, and it is further reduced by including Σ slightly.
When we include hyperons in NS-EOS, TM1 RMF model
cannot support 2M⊙ NS [15, 16], while NL1 and NL-SH
could support 2M⊙ NS mass. We need more studies to
solve the heavy neutron star puzzle conclusively. In NL1
and NL-SH models, nucleon effective mass becomes neg-
ative at medium baryon density, and we cannot explain
the density dependence of the vector potential obtained
in the Dirac-Bru¨ckner-Hartree-Fock (DBHF) calculation.
In TM1, SCL2, and SCL3 models, ω4 self-interaction is
included to simulate the DBHF results, but these models
cannot support the 2M⊙ NS.
It was also suggested that Ξ−-nucleus potential is at-
tractive from the analysis about Ξ− production spec-
trum [10]. If Ξ hyperons emerge in dense matter, NS-
EOS will be softened a little more as in the Σ− case. We
guess, however, that maximum mass will not be affected
by inclusion of Ξ− so much since, as we have shown, NS-
EOS has already been softened by including Λ hyperon
and Σ− reduce the electron chemical potential.
From these results, we conclude that re-stiffening
mechanisms are required to understand the massive NS
properties. As one of candidate to solve this problem,
three-body repulsive interactions are suggested to be con-
sidered. In Ref. [28], universal three-baryon repulsive
interactions were examined. These interactions are ex-
pected to lead not only re-stiffening effect but also the
suppression to the appearance of Λ, Σ and Ξ hyperons.
Thus, further investigation is needed and preliminary re-
9sults with explicit three-body couplings in RMF model
are reported in Ref. [38]. The detailed analysis is in
progress and will be reported elsewhere.
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